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ENERGY PRODUCTION AND WATER
RESOURCES IN THE COLORADO RIVER BASIN
DAVID ABBEY*
INTRODUCTION
It is well known that the Southwest has large reserves of fossil
fuels, particularly in the Upper Colorado River Basin; that a rela-
tively high fraction of annual runoff in the Colorado River Basin is
consumed; and that energy production is one of the most water
intensive industrial activities. Since 1962, over 10,000 megawatts
(ten million kilowatts) of coal-fired electric generating capacity have
been installed in the Colorado Basin.1 An additional 19,000 mega-
watts (MW) of generating capacity are under construction or planned
to come on line over the next decade. These facts spawned the
notion of a "water-for-energy" problem. This paper considers (lIthe
effect of water availability on the cost of energy production and the
potential for energy development in the Colorado Basin; and (2) the
effect of water demand for energy production on other users of
water in the basin.
There are several reasons why water use and availability are legit-
imate concerns of policy makers. The reasons have nothing to do
with the claim that water is a unique, vital resource, but rather stem
from the fact that water is not allocated by a model market of
perfect competition.2 First, upstream uses affect the quantity and
quality of water available downstream. While legal systems have
evolved to protect the rights and investments of downstream users,
particularly with respect to quantity, protection of water quality for
downstream users is a continuing administrative concern. Second, the
legal doctrines are of interest because, while reducing third party
effects, they often hinder the movement or transfer of water rights in
response to changing economic conditions. Third, water must be
*Staff Member, Los Alamos Scientific Laboratory. Research for this article was sup-
ported by the National Science Foundation, under Grant No. AER 75-1613 A01 to Re-
sources for the Future, Inc., Washington, D.C. The author is indebted to James Sawyer,
Blair Bower, Ruth Haas and especially Winston Harrington and Walter Spofford of Re-
sources for the Future. The usual disclaimer applies.
1. W. Harrington, D. Abbey & J. Sawyer, The Electric Power and Synthetic Fuels Indus-
tries in the Southwest, ch. 3, at 11 (1977) (Working Paper Series, Southwest Reg'l Project,
Univ. of N.M.) [hereinafter cited as Harrington, et al.].
2. See J. HIRSHLEIFER, J. DeHAVEN & J. MILLIMAN, WATER SUPPLY, 1-6, 30, 31
(1960).
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allocated for instream uses for which there is no market representa-
tion-recreation, aesthetics, and fish and wildlife. Fourth, the need
for public development of water resources (reservoirs and interbasin
diversions) must be evaluated.
Energy development in the Colorado Basin poses a host of water-
related problems, but the most fundamental concern is the adequacy
of freshwater supplies. Physical shortages may limit the development
of badly needed energy resources, or burgeoning water use for energy
production could leave streambeds dry, destroy wildlife habitats,
deny sun belt cities the water needed to accommodate growth, devas-
tate the western agricultural economy, and exhaust a potential re-
source for developing Indian lands. Without examining the potential
for energy development and the allocation of water resources, one
cannot know whether the market can prevent such drastic outcomes.
A typical approach to understanding the impact of energy devel-
opment on water resources is as follows: (1) estimate the available
supply of surface water in the region, (2) estimate water "require-
ments" of standard-sized energy plants based on historical patterns
of use, (3) develop or borrow regional forecasts or scenarios of en-
ergy development, (4) multiply the projected plant capacity by the
water needs of the standard plants, and (5) compare the scenarios for
water demand to available supply.
Several recent reports forecast that the impact of energy develop-
ment on water resources is profound. In 1974 the U.S. Department
of Interior estimated that about 874,000 acre-feet per year (afy) will
be needed for energy production in the Upper Colorado River Basin
by the year 2000.' The University of Oklahoma Science and Public
Policy Program in a report for the U.S. EPA concluded that, "by the
year 2000 a low-development scenario would require 28-52 percent
of the surface water apparently available in the Upper Colorado
Basin, a high demand scenario would require 43-71 percent." 4 Harte
and El-Gasseir claim to "demonstrate that water consumption re-
quirements place serious constraints on the future level of develop-
ment of many of this country's energy options."'
It is a fundamental economic tenet that, as a resource becomes
more scarce, substitutions are found and conservation is practiced. A
long tradition of water resources research has argued and demon-
3. U.S. DEP'T. OF THE INTERIOR, REPORT ON WATER FOR ENERGY IN THE
UPPER COLORADO RIVER BASIN, 60 (1974).
4. UNIV. OF OKLAHOMA SCIENCE AND PUBLIC POLICY PROGRAM, 1 ENERGY
FROM THE WEST, 49 (EPA-600/7-072a, 1977).
5. Harte & EI-Gasseir, Energy and Water, 199 SCIENCE 633 (1978).
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strated that this principle applies to water as it does to any good. 6
Over the long run, notions of shortages and constraints are inconsis-
tent with acceptance of the substitution principle. The conclusions
of most analysts using the scenarios methodology are tempered by
recognition of water conserving alternatives for the production of
energy.' In fact, some analysts have incorporated a technical substi-
tution scenario into the numerical analysis. Similarly, it would be
possible to add groundwater development scenarios, waste water use
scenarios, and water reallocation scenarios. But, would this improve
the power of the analysis? How, from either the traditional applica-
tions of the scenario methodology with its numerous qualifications,
or from a more extensive version incorporating technical and water
supply alternatives, is one to distinguish or discriminate among the
broad range of alternative futures?
Of the three variables determining industrial water use, the future
level of capacity is treated quite properly as exogenous to the anal-
ysis. On the other hand, an appreciation for the sources and quanti-
ties of water to be used at energy plants should come from the
analysis itself, from an examination of the cost of water demand/
supply alternatives (see Table 1). The intent of this paper, then, is
twofold: first, to demonstrate the applicability of the substitution
principle to water use in the energy industry; and second, to provide
some insight into the pattern of future water use and the potential
for water conservation in the production of energy. This is accom-
plished by examining water use at coal-fired electric generating
plants.
Section II focuses on water demand for electric generation at the
plant level through a discussion of the factors that influence the level
of process and plant consumption and the incremental costs of re-
ducing consumption or using a lower quality water supply. Section
III offers a cursory appraisal of the availability and cost of alternative
water supplies. Section IV presents water system elements (sources
of water supply and plant designs) for new electric plants projected
to come on-line in the Colorado Basin over the next decade and
discusses the influence of water use costs on electricity prices and
6. See generally Hirshleifer, DeHaven & Milliman, supra note 2; P. COOTNER & G.
LcF, WATER DEMAND FOR STEAM ELECTRIC GENERATION (1965); B. Bower, The
Economics of Industrial Water Utilization, WATER RESEARCH, 143-173 (1966); G.
L6F & A. KNEESE, THE ECONOMICS OF WATER UTILIZATION IN THE SUGAR
BEET INDUSTRY (1968); and M. KELSO, W. MARTIN & L. MACK, WATER SUPPLIES
AND ECONOMIC GROWTH IN AN ARID ENVIRONMENT (1973).
7. B. Bower, supra note 6, at 153.
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plant siting. Section V summarizes the paper and reexamines the
nature and extent of the "water for energy" problem.
TABLE I
Water Demand/Supply Options at a Coal-Fired Electric Plant
Technical Alternatives
Determining Water Demand
I. Waste Heat Rejection
A. Once Through Cooling
B. Evaporative Cooling
(Recirculation)
1. Makeup or sidestream
treatment to increase
recirculation
2. Wastewater treatment and
recovery
C. Air Cooling
1. Hybrid, wet/dry
2. All dry
I1. Flue Gas Desulfurization
A. Wet Scrubbing
B. Dry Scrubbing
C. 2 Stage Hybrid
II1. Ash Removal and Disposal
A. Slurry Dewatering
B. Water Treatment
Alternative Sources of Supply
1. Surface Water
A. Unappropriated
B. Transfer from Conditional
Allocations
C. Transfer from Existing Users
I1. Ground Water
A. Fresh
B. Saline
Ill. Wastewater
A. Municipal Sewage Treatment
Plant Effluent
B. Ground Water Pumped from
Uranium Mines
C. Cooling Tower Blowdown from
Older, Adjacent Units
D. Irrigation Return Flows
E. Runoff from Saline Springs
IV. Boiler Fluid
A. Treatment
B. Steam Cleaning of Boiler
Walls
C. Air Cleaning
WATER DEMAND AT A COAL-FIRED ELECTRIC PLANT IN
THE COLORADO BASIN
A function for water demand for electric power generation can be
expressed as follows:7
D = f (Q, q, PP, R, T, F, S, D, CF, Cw/Ce)
where
Q and q = the quantity and quality of water available at the intake
PP = production process characteristics, for example, net ther-
mal efficiency
R = degree of recirculation and recycling
T = water and waste water treatment processes employed
F = flue gas treatment technologies employed
[Vol. 19
ENERGY PRODUCTION AND WATER RESOURCES
S = solid wastes generated
D = land requirements for waste disposal
CF = annual plant capacity factor
Cw/Ce = ratio of water utilization costs/total electric generation
costs.
While this function is not developed rigorously, the influence and
importance of each of these variables will be clarified in this section.
Four principal processes comprise the water utilization system of a
coal-fired electric generating plant-waste heat rejection, flue gas
desulfurization, ash handling and disposal, and fluid for the steam
cycle. The first consideration in the design of the system is that the
ratio Cw/Ce should be quite small. It follows that the system is
designed after the basic production parameters such as thermal effi-
ciency, coal quality, and type of air-borne emission controls have
been selected. Consider, for example, the level of thermal efficiency
that determines the cooling requirements. At a heat rate of 10,000
Btu input/kilowatt-hour, generation of a kilowatt-hour (kwh) of elec-
tricity consumes about 1 pound of coal and 5 pounds of water
(assuming evaporative cooling is used). However, a pound of coal
costs 1 or 2 cents and a pound of water costs considerably less than
0.01 cents. Improvements in thermal efficiency will be spurred by
savings in fuel costs, not water costs.
In designing the plant water utilization system, the costs of using
water, including raw water purchase, transportation, treatment, and
disposal costs, are compared with the cost of reducing consumption.
With the possible exception of the relatively insignificant boiler re-
quirements, water consumption can be reduced and nearly elimi-
nated as it becomes more expensive. By focusing on the use of water
for waste heat rejection, by far the most consumptive use of water at
an electric plant, the effect of water costs on the quantity demanded
can be illustrated.8
Evaporative Cooling for Waste Heat Rejection
Cooling water is used to condense the spent steam exiting the
turbine. This process lowers the pressure at the turbine exhaust and
allows the condensate to be returned to the boiler. Stream flow
variability and consequently large storage requirements rule out
once-through cooling applications for large electric plants at many
locations in the Colorado Basin. Forced-draft cooling towers, which
8. For a more thorough analysis of water utilization for cooling and other processes see
D. Abbey, Water for Energy in the Southwest: A Second Look (unpublished paper available
from the author).
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dissipate the waste heat from the cooling water to the atmosphere by
evaporation and convection, allow cooling water to be recirculated to
the condenser. Evaporation of circulating cooling water from the
* cooling tower accounts for most of the water consumed at an electric
plant.
The rate of evaporation depends on meteorological conditions
such as temperature and humidity.9 In the Southwest at average
annual climatic conditions, about 7,100 gallons of water are evap-
orated each minute in generating 1,000 MW of electricity.' 0 In addi-
tion, about 100 gallons per minute (gpm)/1,000 MW are lost in the
air stream blown through the tower by fans. This loss is called drift.
Cooling System Wastewater
As water evaporates from the circulating cooling water, the concen-
trations of dissolved solids in the recirculated cooling water rise.
Maximum concentrations are set to prevent corrosion, fouling (the
precipitation of dissolved solids when concentrations rise above the
saturation level), and especially scaling (the crystallization of precipi-
tated solids on the walls of the condenser). A waste stream called
"blowdown" is bled from the circulating water to prevent excessive
salt concentrations.'
The amount of cooling tower blowdown can be estimated by the
formula:
B= E
Variables B and E are rates of blowdown and evaporation (in gpm),
and C is the cycles of concentration, approximately the ratio of
dissolved solids in the circulating water to dissolved solids in the
makeup water. In the absence of any treatment, even the best quality
water available in the Colorado Basin is limited to three or four
cycles of concentration in the cooling system. At four cycles of
9. See generally P. Leung and R. Moore, Water Consumption Determination for Steam
Power Plant Cooling Towers, (ASME 69-WA/Pwr-3, 1970).
10. Evaporative losses may be estimated as follows:
106 Kilowatt X 4.8 x 103 Btu to condenser* X 0.7 lbs. H, 0 evaporated
1,000 MW Kwh 1,000 Btu to condenser
1 gallon H X 1 hr. = 7,100 gallons evaporated/min.
8.337 lbs. 60 mins. 1000 MW
*Waste heat load for a nuclear generating plant is about 1.5 times as great.
11. See generally, S. Sussman, Facts on Water Use in Cooling Towers, HYDROCARBON
PROCESSING, July, 1975 at 147-153; A. SERPER, SELECTED ASPECTS OF WASTE
HEAT MANAGEMENT (EPRI FP-164, 1976); and R. Kunz, A. Yen & T. Hess, Cooling
Water Calculation, CHEMICAL ENGINEERING, August 1, 1977 at 61-71.
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concentration, assuming an evaporation rate of 7,100 gpm, the blow-
down rate is about 2,400 gpm/1,000 MW at 100 percent load.
To attain salinity standards set at 1972 levels for three points on
the Lower Colorado River,' 2 the seven states in the basin and the
EPA agreed to apply a "no-salt return policy whenever practicable"
to new industrial users in issuing National Pollutant Discharge Elimi-
nation System Permits.' 3 The effect of this policy is essentially to
apply a zero waste-water discharge constraint to new electric plants
in the Colorado Basin. Salts are disposed on land. Water consumption
is equal to withdrawals or intake.
For the moment, assume that cooling is the only use of water at
the plant. Blowdown must either be evaporated from containment
basins lined with a relatively impermeable material or treated to
recover a recyclable product. Table 2 shows estimated costs of waste-
water disposal using evaporating basins and estimated costs of several
water treatment options. The cost of disposal is shown to depend on
the net evaporation rate, which determines the pond area require-
ments and the liner material requirements. Variation in the cost of
land for the disposal site is not considered.
A variety of water treatment technologies are available. Part B of
Table 2 shows estimated costs of two commonly practiced technol-
ogies that allow increased recirculation of the cooling water (increas-
ing the cycles of concentration, reducing the blowdown rate). Addi-
tion of acid (H2 SO4 ), which is almost universally practiced in the
region, reduces the concentration of bicarbonates (HCO 3 ) that con-
tribute to the formation of calcium carbonates (CaCO 3 ) scale. Lime/
limestone softening reduces hardness by reducing the concentration
of calcium and magnesium ions. The unit costs ($/1,000 gals.
treated) indicated in the table represent the sum of annualized capi-
tal and operating costs assuming operation at an 80 percent annual
capacity factor. The cost of water saved is estimated by assuming
that circulating water treatment allows an increase from four to ten
cycles of concentration; that cooling tower blowdown declines from
2,400 to 800 gpm/1,000 MW; and that total makeup or intake to the
cooling system (the sum of evaporation, drift and blowdown) de-
clines from 9,600 to 8,000 gpm/1,000 MW. Thus, assuming acid
addition alone provides sufficient treatment to achieve ten cycles of
concentration, the cost of treatment would be $0.125 per 1,000
12. Below Hoover Dam, below Parker Dam and at Imperial Dam;40 Fed. Reg. 13656-57
(1974).
13. Colorado River Basin Salinity Control Forum, Policy for Implementation of the
Colorado River Salinity Standards Through the NPDES Permit Program (Feb. 28, 1977).
April 1979)
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TABLE 2
Estimated Costs of Wastewater Disposal and Water Treatment
in the Southwest 1
($1974)
A. Wastewater Disposal
1. Clay Lined
Evaporating Basins
with Groundwater
Monitoring at
$20,000/acre.
Rifle, Colorado
Farmington, New
Mexico
Kaiparowits, Utah
2. Plastic Lined
Evaporating Basins
with Extensive
Groundwater
Monitoring at
$50,000/acre
Rifle, Colorado
Farmington, New
Mexico
Kaiparowits, Utah
B. Treatment of Cooling
Tower Makeup Water
1. Acid Addition
2. Cold Lime Softening
C. Wastewater Treatment
1. Reverse Osmosis
(80% recovery)
2. Vapor-Compression
Evaporation (97%
recovery)
Net'
Evaporation
Rate
(in/yr.)
Disposal'
Capacity
(acres/gpm)
Capital
Cost
$101/gpm
Operating
Cost
$/i0, gals.
33 0.625 12.5 0.38
53 0.38 7.5 0.38
61 0.33 6.7 0.38
33 0.625
53
61
Capital Cost
$10 /gpm
nil
0.081
0.38
0.33
Operating Cost
$10' gals.
0.0251
0.03
0.54 0.25
Unit'
Cost
$/10' gals.
5.43
3.41
3.09
31.3 0.57 13.24
18.9
16.7
Unit Cost'
$/103 gals.
(80% capacity
factor)
0.025
0.06
0.47
4.26
7 8.22
7 7.33
Cost of Water
Saved $/10' gals.
0.1256
0.30'
0.597
4.397
Notes: 'Cost estimates from Serper, 1976, pp. 91-95.
2Net Evaporation Rate = 0.9 (Pan Evaporation Rate (in./yr.) - Precipitation (in./yr.)) (Gold et al.,
1977).
sEstimated from the relation I gpm/acre at 20 inches net evaporation rate/yr.; 4 gpm/acre capacity at 80
inches/yr.
4This report uses a fixed charge rate of 17 percent to convert capital cost ($) to an estimate of fixed
annual cost (S/yr.) including depreciation of the plant, annual return on investment, taxes and insur-
ance. (See Hu and Englesson, 1977, pp. 118-119.) Fixed annual costs converted to units costs assuming
an 80 percent annual capacity factor.
'Assumes 100 mg/l HCO, in makeup water; 6.69 x 104 lb. H2 SO4 required/mg/i HCO,/1,000 gallons
and 3.8 cents/lb. H, SO.. Gold, et al., 1976.
'Assumes treatment allows increase from four to 10 cycles of concentration in circulating cooling water.
At 7,200 gpm evaporative and drift losses from the cooling tower, blowdown decreases from 2,400 to
800 gpm/1,000 MW.
[Vol. 19
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gallons saved.' If softening as well as acid treatment is required to
achieve 10 cycles of concentration, the total cost of cooling water
treatment-$0.425/1,000 gallons saved-still compares quite favor-
ably with disposal costs, which are $3 to 5/1,000 gallons evaporated
from clay-lined containment basins.
Part C of Table 2 shows estimated costs of two wastewater treat-
ment technologies that recover water for recycling to the process
makeup stream. Reverse osmosis-forced filtration through a mem-
brane-achieves about 80 percent feedwater recovery. 1 Depending
on the quality of the wastewater feed, however, its use may be
foreclosed by the potential for scaling on the membranes. Vapor-
compression-evaporation (brine concentration) achieves about 97
percent wastewater recovery of a very high quality product, less than
10 mg/liter total dissolved solids.' 6 The process is highly reliable but
considerably more expensive than reverse osmosis. It can provide
primary wastewater treatment or accept the concentrate (the waste-
water) from the reverse osmosis unit. The estimated cost of water
savings for both wastewater treatment methods assumes a feedwater
rate of 800 gpm cooling tower blowdown/1,000 MW. Thus, for re-
verse osmosis the cost of treatment would be $0.59 per 1,000 gallons
saved. 17
By treating the circulating cooling water and the blowdown to
reduce the rate of wastewater evaporation, the other water utiliza-
tion costs are reduced. It turns out that savings in water acquisition
and transportation costs, generally less than $0.50/1,000 gallons, are
dwarfed by savings in disposal cost. Looking only at savings in dis-
posal costs, treatment of the circulating cooling water is clearly fav-
ored. If plastic liners are required to prevent contamination of
ground water, wastewater treatment is also clearly favored. (Waste-
water from treatment must still be evaporated.) If reverse osmosis is
infeasible and clay lined ponds are acceptable, evaporation of 800
gpm blowdown is marginally favored over brine concentration at
sites with high net evaporation rates. The examples presented in Parts
14.
8,000 gals. treated X $0.025 x 1 min. = $0.125
min. 1,000 gals. 1,600 gals. 1,000 gals.
treated saved saved
15. Serper, supra note 11, at 80.
16. J. ANDERSON, DEVELOPMENT OF THE RCC BRINE CONCENTRATOR FOR
CONCENTRATING COOLING TOWER BLOWDOWN, 2 (ASME 76-WA/Pwr-5, 1976).
17.
800 gals. treated X 1 min. X $0.47 = $0.59
min. 640 gals. 1,000 gals. 1,000 gals.
saved treated saved
April 1979]
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B and C of Table 2 do not represent optimum treatment designs.
They are presented simply to illustrate a strong incentive to recircu-
late and recycle water at an electric plant. 1 8
The cooling system is not the only process at an electric plant that
produces wastewater. Wastewater may also be bled from recirculating
streams in the flue gas desulfurization and ash disposal systems. It is
advantageous to handle all process wastewaters at one facility. Fur-
thermore, since water quality requirements and wastewater quality
vary for each process, some wastewaters may be recycled to other
processes without any treatment. Clearly, the pattern of use in one
process affects the pattern of use in another. Consider, for example,
the effect of three different flue gas desulfurization (FGD) systems
on plant water utilization. Lime or limestone scrubbers, designed for
a severe operating environment, can accept cooling tower blowdown
as well as wastewater from most other uses.1 The Wellman-Lord
scrubber and other regenerable scrubbers require high quality make-
up water. In these systems cooling tower blowdown must either be
treated to allow further use or disposed. Dry scrubbers that eliminate
water consumption entirely are being developed. In sum, while
process requirements are conveniently discussed separately, they are
determined jointly.
When other process uses of water are integrated with the cooling
system, the cost of wastewater and sludge disposal2 0 in the Colorado
Basin provides an incentive to reduce water consumption by treat-
ment, recirculation and recycling, and by dewatering of sludge. This
conclusion is corroborated by the agreement of Public Service Com-
pany of New Mexico with the state engineer to avoid any "unneces-
sary wastewater evaporation" from new electric plants, 2 1 and by
examination of water budgets for plants in the Colorado Basin.2 2
18. For site specific optimization of water treatment at several Western sites see H.
GOLD, D. GOLDSTEIN & D. YUNG, EFFECT OF WATER TREATMENT ON THE COM-
PARATIVE COSTS OF EVAPORATIVE AND DRY COOLED POWER PLANTS, 91-136
(US ERDA coo-2580-1 1976).
19. H. Fox, Plant Wastewater Feeds Scrubbers, ELECTRICAL WORLD, May 1; 1977 at
58.
20. Solid waste from the boiler and the FGD system are slurried to lined sludge disposal
ponds. By dewatering the slurry, the required sludge disposal capacity may be reduced.
21. Interview with Mr. C. D. Bedford, Vice President, Public Service Co. of New Mexico,
in Albuquerque, November 9, 1977.
22. See Notes, Table 10. The one plant listed in Table 10 with limited cooling system
recirculation may be explained by higher treatment costs for brackish groundwater and the
relatively lower costs of disposal afforded by presence of a 200 foot thick impermeable
clay-shale formation at the surface of the disposal site (BUREAU OF RECLAMATION,
DEP'T OF INTERIOR, DES CORONADO PROJECT, pt. 1 at 40 (1977).
[Vol. 19
ENERGY PRODUCTION AND WATER RESOURCES
Electric Plant Water Consumption and Supply Requirements
Table 3 presents estimates of average water consumption for two
hypothetical, 1,000 MW coal-fired electric plants in the Southwest,
with and without wet flue gas desulfurization. (Figures 1 A and 1 B
show water balances for the plants.) Both cases assume (1) minimal
evaporation of wastewater and (2) extensive dewatering (wastewater
recovery) of solid waste streams prior to disposal. The left column
shows estimates of consumptive use in gallons per minute (gpm)
when the plant is operating at full load averaged over yearly climatic
conditions. These estimates are converted to estimates of annual con-
sumptive use at three levels of capacity utilization.
TABLE 3
Estimated Water Consumption for Hypothetical 1,000 MW Electric Plants
Average Makeup Average Annual
Rate at Full Consumption
Load (gpm/1,000 MW) (afy) 3
Capacity Factor
60 70 80
Case A:
No Flue Gas Desulfurization 7,500 7,260 8,470 9,680
or Dry FGD'
Case B:
Lime/Limestone Scrubbing , 2
for Flue Gas Desulfurization
(90% SO2 removal) 8,700 8,420 9,825 11,225
Assuming (a) Condenser heat rate of 4,800 Btu/Kwh; (b) cooling tower blowdown at 'N 10
cycles of concentration; (c) coal quality-10,800 Btu/lb., 10 percent ash; (d) dry partic-
ulate collection-fly ash wetted to 25 percent (wt.) water for disposal; and (e) bottom ash
slurried from the boiler and dewatered to 30 percent (wt.) water.
' Lime or limestone scrubbing of entire flue gas stream to achieve 90 percent reduction in
SO 2 emissions; 40 percent (wt.) solids in scrubber sludge.
'1 gallon per minute (gpm) = 1.613 acre-feet per year (afy).
Under any circumstances it would be uneconomical to idle a bil-
lion dollar capital facility because an inexpensive input such as water
is unavailable. Utilities determine annual plant water supply require-
ments in anticipation of hot dry years when evaporation rates and
plant capacity factors are at an expected maximum and in anticipa-
tion of failure of water treatment systems (forcing higher wastewater
evaporation rates). Thus, water supply requirements will be consider-
ably greater than average annual consumption.
April 1979)
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FIGURE 1 A
Hypothetical Water Balance of 1,000 MW Coal-Fired Power Plant
Case A: No flue gas desulfurization or dry FGD (Average Annual Flows in gpm;
100 Percent Capacity Factor).
In Case A about 95 percent (7,100 gpm/1,000 MW) of the makeup
water to the plant evaporates from the cooling tower, and in Case B,
almost the same proportion evaporates from the cooling tower
(7,100 gpm/1,000 MW) and the wet scrubber (1,100 gpm/1,000
MW). Dry scrubbers are being developed to remove SO2 in conjunc-
tion with fabric filtration of particulates, but their potential depends
on the price and availability of the probable SO2 sorbent, nah-
[Vol. 19
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FIGURE 1 B
Hypothetical Water Balance of 1,000 MW Coal-Fired Power Plant
Case B: Wet Flue Gas Desulfurization: (Average Annual Flows in gpm; 100
Percent Capacity Factor).
*Exclusive of Reservoir Losses.
colite.2  A hybrid, slurry spray injection/fabric filter technique is
more promising. A contract was warded to install such a system at a
lignite-fired electric plant in North Dakota with expected water con-
23. R. Mcllvaine, SO2 Removal with Fabric Filters, PROCEEDINGS: 2ND INT'L
FABRIC ALTERNATIVES FORUM, ch. 8 at 1-31 (1977) (available from Amer. Air Filter,
Co., Louisville, Ky.).
April 19791
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sumption of about 650 gpm/l,000 MW. 24 In either case, however,
water acquisition costs will have a negligible effect on scrubber selec-
tion.' I The greatest potential for reducing electric plant water con-
sumption is substitution of air or dry cooling for wet or evaporative
cooling.
Air Cooling for Water Conservation
A dry cooling tower operates like the radiator of a car-dissipating
heat to the atmosphere solely by convection and eliminating evapora-
tion of cooling water. The rate of heat transfer from the circulating
cooling water in the dry tower to the atmosphere depends on the
temperature difference between the two. An all-dry cooling system
requires a substantial investment in dry tower capacity to ensure
rejection of the entire waste heat load on a hot summer afternoon
when the temperature of the air is 1000 F. and the temperature of the
water leaving the condenser for the cooling tower is perhaps 120' F.
Hybrid cooling systems, a combination of wet and dry cooling
towers, take advantage of the superiority of evaporation over convec-
tion as a heat transfer mechanism when ambient temperatures are
high. Dry tower cells which are needed relatively few hours of the
year can be eliminated. Figure 2 shows one possible configuration for
a wet/dry cooling system. The circulating water is first run through
the dry section. If the water has not been cooled sufficiently, it is
run through one wet tower cell after another until the temperature is
low enough to return to the condenser and condense the spent
steam. While the percentage of heat being dissipated by the wet and
dry towers (hence the rate of evaporation) varies with changes in
temperature, at a given site for a given cooling tower design, one can
determine average yearly evaporation rates relative to all wet cooling.
Table 4 shows design and cost characteristics of alternative cooling
systems for a hypothetical 1,000 MW coal-fired electric plant at
Farmington, New Mexico. Line 1 shows that increasingly "dry" cool-
ing systems require more and more dry cells for operation at high
ambient temperatures. Line 2 shows the estimated annual cost of
cooling alternatives exclusive of water utilization costs. Annual cost
24. V. Estcourt, R. Grutle, D. Gehri & H. Peters, Tests of a Two-Stage Combined Dry
Scrubber/SO2 Absorber Using Sodium or Calcium (1978) (presented to the 40th Annual
Meeting, Amer. Power Conf., April 26).
25. Wet FGD costs range from 4-7 mills/Kwh (Harrington et al., supra note 1, ch. 6 at 5).
Assuming 1200 gpm/1000 MW (including water disposed in sludge) at $0.50/1,000 gallons,
the acquisition cost is less than 0.04 mills/Kwh. Total water utilization costs, pumping
energy, slurry dewatering, sludge stabiization, etc., will be much greater-that is one benefit
of going to a dry or hybrid system.
[Vol. 19
ENERGY PRODUCTION AND WATER RESOURCES
Hybrid Cooling Wet and Dry Sections in Series
Entering Steam at High
Pressure and Temperature
Turbine
Condensate Returning
to Boiler for Re-use
Valve
Dry Tower Section
FIGURE 2
Hybrid Cooling Wet and Dry Sections in Series
includes cooling tower capital cost, operating and maintenance cost,
and a penalty charge for replacement power.2 6 Line 4 shows break-
even water utilization costs-the total cost of using water (acquisi-
tion, transport, treatment and disposal costs) at which the cost of a
26. Dry and wet/dry cooling systems are designed to operate at higher turbine back
pressures than all-wet cooling when ambient temperatures are high. (In other words, given a
fixed heat input, steam is condensed at a higher temperature and pressure causing a decline
in generator output.) The penalty includes both a capital charge for back up generating
capacity and an energy change.
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TABLE4
Design and Cost Characteristics of Alternative Cooling Systems for a Nominal
1,000 MW Coal-Fired Electric Plant at Farmington, New Mexico ($1976)
Dry Cooling
1. Cooling Tower Size
(Number of Cells)
Dry
Wet
2. ,Total Annual Costs'
Exclusive of All
Water Utilization
3
Costs ($106)
3. Annual Water
Consumption
(75% annual capacity
factor) (10' gals./yr.)
4. Break Even Water Cost
($/1,000 gals.)
5. Estimated Water
Utilization Costs
($/10' gals.)'
6. Unit Costs of Cooling
Including Water
Utilization Costs from
Line 5 (mills/Kwh)
Hybrid Cooling
High Back' (% of Water Consumption ofall
Pressure Evaporative Cooling)
Turbine 2 10 20 40
112 161 117 98 70
7 11 13 17
16.9 15.9 13.3 11.8 10.0
0.0 0.059 0.295 0.591 1.181
16.44 11.14 5.07 2.95 2.67
-- 6.95 1.90 1.13 0.70
2.57 2.48 2.11 1.89 1.65
An all-dry cooling system with a conventional turbine would require 274 dry cells. The high back pressure
turbine allows steam to exit the turbine at higher temperatures when ambient temperatures are high and dry
cooling is less effective. Fewer dry cells are required but net generator output declines. A capacity penalty is
included in the cost evaluation.
2Total Evaluated Costs (present value of investment) deflated from $1985 to $1976 at 7 percent/year and
converted to annual costs at 0.17 fixed charge rate.
a Water utilization costs include annualized capital cost for the makeup water system (pipelines, pumps and
reservoirs), pumping energy cost and water purchase and treatment costs. Makeup water capacity require-
ments do not decline proportionately with annual water consumption because water consumption for
wet/dry cooling alternatives is concentrated in high temperature periods. Consequently, unit costs of water
utilization ($/1,000 gals.) rise.
Source: Hu and Englesson, 1977.
dry or wet/dry cooling equals the cost of a more consumptive cool-
ing alternative. For example, at a water utilization cost of
$2.67/1,000 gallons, the total annual cost of a 40 percent wet cool-
ing system equals the total annual cost of all-wet cooling at Farming-
ton. 2 '
27.
$10.03 x 106 + 1.181 x 109 gals. X $2.67 = $13.18 x 106
yr. yr. 1,000 gals. yr.
$5.30 x 106 + 2.953 x 109 gals. X $2.67 = $13.18 x 106
yr. yr. 1,000 gals. yr.
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All-wet cooling is favored over the 40 percent wet/dry system
until water costs exceed $2.67/1,000 gallons ($870/af). Similarly,
water utilization costs would have to reach $5.07/1,000 gallons
before a 10 percent wet systemwould be chosen over 20 percent wet
cooling.2 
8
In Figure 3 the breakeven costs of dry and wet dry cooling alterna-
tives are used to construct a demand curve for cooling water for a
nominal 1,000 MW coal-fired electric generating station in the Colo-
rado Basin. This curve portrays the opportunity cost of reducing
water consumption in the cooling tower. It provides an indication of
a utility's willingness to pay to use water-to purchase water rights
from irrigators, to develop and treat saline groundwater, or to trans-
port fresh water long distances-before adopting or increasing the
level of air cooling.
The opportunity cost of dry or wet/dry cooling (cooling water
demand for a 1,000 MW plant) is about the same at any location in
the Southwest. Water utilization costs (cooling water supply) will
vary from site to site, depending on the purchase cost of, quality of,
and distance from water resources available. Line 5 of Table 4
shows estimated water utilization costs at Farmington where watef is
available from the Bureau of Reclamation at $9/acre foot
($0.03/1,000 gallons), and the plant site is only 5 miles from the San
Juan River. Even for a site on the Kaiparowits Plateau in Utah re-
quiring a 35 mile pipeline rising 2,000 feet above Lake Powell, water
utilization costs are estimated at only $1.15/1,000 gallons for the all
wet cooling alternative. It appears that a utility would be willing to
incur considerable expense in obtaining water to avoid dry or wet/
dry cooling. Yet, a dry cooling system is coming on line this year at a
plant near Gillette, Wyoming, and a wet/dry cooling system is under
construction at Public Service Company of New Mexico's San Juan 3
at Farmington. To account for these choices and to obtain a picture
of the potential for water conservation in the energy industry, con-
sideration is now given to water resources and availability in the
Colorado River Basin.
WATER AVAILABILITY IN THE COLORADO BASIN
Appropriation of Surface Water
Water law in the Western states is dominated by the principle of
prior appropriation. Though the exact code varies from state to state,
28.
(13.27 - 11.77) x 106 $/yr. = $5.07
(0.591 - 0.295) x 10' gals./yr. 1,000 gals.
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$16.44
11.14
5.07
0
i 2.95
o 2.670
10 20 30 40 50 60 70 80 90 100
Percent of Water Consumption of all Evaporative
Cooling
FIGURE 3
Water Demand for Waste Heat Rejection at 1,000 MW
Coal-Fired Electric Plant at Farmington, New Mexico
'Hu and Englesson (1977) estimate intake requirements of 9,060 afy for an evaporative
cooling tower for a 1,000 MW plant at Farmington assuming blowdown at 10 cycles of
concentration and a 75 percent annual capacity factor.
a few general principles may be stated. Withdrawing a certain amount
of water and putting it to beneficial use establishes a withdrawal
right (granted by the state) for as long as the right is exercised. If it is
determined that water is available, the states may issue permits (con-
ditional allocations) for future uses. The permits are valid so long as
"diligent" efforts are made to put the water to use.
In the early stages of regional development, water is available as a
free good, aside from the cost of transporting it to the point of use.
As the demand for water nears the available supply of a basin, water
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increases in value, that increase representing the opportunity cost of
augmenting supply or substituting water conserving technologies.
The value of existing water rights may be distinguished by seniority
since the date of issue of a water right or conditional application
determines the priority of use. Junior right holders fade the prospect
of loss of supply during dry years.
While the Colorado River Basin is fully regulated, all the states in
the basin except California are consuming less surface water than the
quantity to which they are entitled by interstate compact. Tables 5A
and 5B, however, show that, in both the Upper and Lower Colorado
Basins (divided at Lee's Ferry, Arizona), depletions are projected
that would exhaust most of the remaining water available.
A number of the projected depletions for energy production
(noted with an asterisk) are vested under privately held water rights
or permits. Utah International, for example, is including water rights
granted by New Mexico in its coal service contract with Public Ser-
vice Company of New Mexico for San Juan Unit 4. Much larger
quantities of water, however, are vested under authorized storage
projects of the Bureau of Reclamation.
TABLE 5A
Entitlements and Present and Projected Depletions: Lower Colorado
River Basin (Million acre-feet/year)
California 1975 Completion of CAP
and Southern Nevada
Project
Present 5.1 *
State Share of
Colorado River 4.4 4.4
Arizona
Present Depletion 1.5 1.5
Completion of CAP - 1.2
State Share 2:8 2.8
Nevada
Present Depletion 0.11 0.11
Completion of Southern
Nevada Water Project - 0.19
State Share 0.3 0.3
*California will have to reduce its surface water depletions if the other states in the basin
consume their full entitlement.
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TABLE 5B
Entitlements' and Present and Projected Depletions:
Upper Colorado River Basin
(1,000 acre-feet/yr.)
Arizona
Navajo Plant*
Other M & I
Other Present Depletions
Total
Entitlement
Colorado
Bureau of Reclamation Projects
Municipal
C-a/C-b Prototype*
Oil Shale Development
Hayden/Craig Steam plants*
Other Present Depletions
Evaporation Storage Units
Total
State Share of 5.8 Million
acre-feet/year (MAF)
New Mexico
Bureau of Reclamation
San Juan*
Wesco*
El Paso*
Navajo Indian Irrigation Project
Utah International*
Farmington M & I
Other Present Depletions
Evaporation Storage Units
Total
State Share of 5.8 MAF
Utah
Bureau of Reclamation
Emery Plant*
Huntington Canyon Plant*
Kaiparowits*
Intermountain Power Project*
U-a/U-b Oil Shale Prototype
Development*
Deferred Indian Lands
Other Present Depletions
Evaporation Storage Units
Total
State Share of 5.8 MAF
1977
20
13
33
50
1980
34
3
13
50
50
1990
34
3
13
50
50
2000
34
3
13
50
50
-- 33 393 423
-- 73 165 225
1,830
269
2,099
2,976
97
[512
21
20
110
84
332
647
36
6
678
120
840
1,322
20
1,830
269
2,225
2,976
126[111
89
25
110
84
434
647
79
6
6
678
120
889
1,322
78
20
1,830
269
2,755
2,976
247
[161
[351
[151
254
39
5
110
84
739
647
221
6
is
30
15
24
40
678
120
1,149
1,322
78
20
1,830
269
2,845
2,976
254
[16]
[351
[151
254
39
5
110
84
746
647
221
6
15
30
50
24
50
678
120
1,194
1,322
Wyoming
Bureau of Reclamation
Bridger Plant*
22 50
[1612 [351
145 200
[351 [351
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Municipal 8 10 16 20
Private Industrial Rights .... 50 57
Other Present Depletions 313 313 313 313
Evaporation Storage Units 73 73 73 73
Total 416 446 597 663
State Share of 5.8 MAF 805 805 805 805
*Indicates depletion for energy production under private right or Bureau of Reclamation
water service contract.
'With the exception of Arizona, state shares in the Upper Basin are allocated on a percen-
tage basis. The Bureau of Reclamation uses 5.8 million acre-feet per year available to the
Upper Basin for planning purposes. The exact quantity will vary depending on the flow of
the Colorado River and determination of responsibility to supply Mexico with 1.5 million
acre-feet per year (Weatherford and Jacoby, 1975).
'Bracketed depletions included in Bureau of Reclamation category.
Source: Bureau of Reclamation, 1977. "Draft, Availability of Water for Contract with El
Paso Natural Gas Company Pursuant to Section 11 of the Act of June 13, 1962,
Authorizing the Navajo and San Juan-Chama Projects," Washington, D.C., Novem-
ber 30.
The Bureau has been an important supplier of water to the energy
industry in the past. Table 6 lists major industrial contracts from
existing federal storage projects in the Colorado Basin. Even though
industrial users, unlike irrigators, pay their full share of project costs,
including interest, the cost of water service is quite low.
Table 7 shows provisional allocations to municipal and industrial
users from proposed Bureau of Reclamation storage projects in the
Colorado Basin. Water designated for irrigation could also be con-
verted (optioned, contracted or sold) to industrial use. While Section
9C of the Reclamation Act of 1939 prohibits industrial uses that
"impair the efficiency of the project for irrigation purposes," this
item is waived in authorizing legislation for some of the Colorado
River storage projects.2 9 Authorizing legislation for the Central Ari-
zona Project, for example, states that "contracts relating to muni-
cipal and industrial water supply under the Central Arizona Project
may be made without regard to the limitations of Section 9C of the
Reclamation Project Act of 1939."30 Change of use would require
renegotiation of the water service contract and approval of the Secre-
tary of the Interior. For projects without such a waiver, change of
use would require Congressional authorization.
It is still not clear, however, how much of the remaining surface
water is really available. Several long shadows loom over new public
and private water development in the Colorado Basin. Two issues
have existed for many years and are unlikely to be resolved in the
29. G. Pring & L. Edelman, Reclamation Law Constraints on Energy/Industrial Uses of
Water, 8 NAT. RES. LAW., 297-306 (1975).
30. Pub. L. No. 90-537, 82 Stat. 885, 304 (b) (3) (1968).
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TABLE6
Contracts for Water Delivery from Bureau of Reclamation Storage
Projects to the Energy Industry in the Colorado Basin
1978
Fromn Maximum Acquisition Costs' To For
Quantity
(afy) (Safl) ($/1,000
gals.)
Navajo Reservoir 35,300 9 0.03 Utah, International Wesco Coal Gasification
(San Juan R.,
New Mexico) 15,0002 9 0.03 El Paso National Coal Gasification
Gas Company
16,200 9 0.03 Public Service Co. San Juan Plant
of N.M. et al.
Lake Powell 34,100 7 0.02 Salt River Project Navajo Plant
Fontenelle Reservoir 35,000 N.A.' Pacific Power & Jim Bridger Plant
(Green R., Wyoming) Light 3
125,0002 N.A. State of Wyoming Subcontracting to
Manufacturing and
Industry
Joe's Valley Reservoir 6,000 20 0.06 Utah Power and Huntington and Emery
(San Rafael R., Utah) Light Plants
Lake Mead 30,000 0.50 0.002 Southern California Mohave Plant
Edison3
Lake Mead N.A.' N.A. San Diego Gas and Sundesert Plant
Electric
1 acre foot = 325,851 gallons.
'Contract pending or in negotiation.
'Subcontracted through state agency.
'N.A.-Not available
Sources. U.S. DOI, Water for Energy Management Team, 1974. Water for Energy in the Upper Colorado Basin,
U.S. Department of Interior, Washington, D.C., July, pp. 30-33.
Personal communication, L. E. Holmes, Bureau of Reclamation, Salt Lake City, Utah, April, 1977;
Personal communication LeGrand Nielson and Martin Anker, Bureau of Reclamation, Washington,
D.C., May 25, 1978.
near future. The first is what is a conservative estimate of mean
annual flow (and whether it is prudent to use mean annual flow or a
smaller number as the basis of water allocation plans).3 I The second
is how to quantify Federal reservation and Indian water right
claims.3 2 Two other issues appear more significant simply because
they face impending court tests. The possible application of salinity
standards to the Upper Basin and strict interpretation and enforce-
ment of the Endangered Species Act could restrain new water devel-
opment in the Colorado Basin.
31. See Weatherford & Jacoby, Impact of Energy Development on the Law of the
Colorado River, 15 NAT. RES. J., 171-213 (1975); and Cummings & McFarland, Reservoir
Management and the Water Scarcity Issue in the Upper Colorado River Basin, 17 NAT. RES.
J., 91-94 (1977).
32. See e.g., U.S. GENERAL ACCOUNTING OFFICE, RESERVED WATER RIGHTS
FOR FEDERAL AND INDIAN RESERVATIONS (CED-78-176 1978).
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TABLE 7
Allocations to the Municipal and Industry Category from Proposed
Bureau of Reclamation Storage Projects in the Colorado Basin
Project Quantity A vailable
(aflyr.)
Arizona
Central Arizona Project* 510,000
Nevada
Southern Nevada Project* 166,800
New Mexico
Las Animas-La Plata 76,200
Colorado
West Divide 77,500
Utah
Central Utah Project
Bonneville 99,000
Jensen 18,000
Uintah 1,000
Wyoming
Lyman 1,500
*Some of this water will be used to reduce groundwater overdrafts rather than increasing
total consumption.
Source: U.S. Department of Interior Budget-Justification, FY 1978 Bureau of Reclamation,
Parts I and II.
Section 303 of the Federal Water Pollution Control Act Amend-
ments of 1972 (PL 92-500) required the states to establish water
quality standards for salinity in the Colorado Basin. The EPA and the
states agreed to salinity standards set at 1972 levels for three loca-
tions in the Lower Colorado River and to an attainment plan that
emphasizes reduction of salt loading from natural sources to counter
both the salt concentrating effects of new depletions and the salt
contributions of new reclamation projects upstream.3 As part of an
injunctive suit against EPA, the Environmental Defense Fund is call-
ing for both additional water quality standards at five state bound-
aries in the Upper Basin and an implementation plan that focuses
more attention on human contributions to salinity.3 4
33. See notes 12 and 13.
34. Interview with Mohammed E1-Ashry, EDF, in Washington, D.C., February 9, 1978.
See also Gill, Man Nature Share Blame for Colorado Salinity, DENVER POST, March 29,
1977 at 24; and Halladay, Colorado River Pollution Battle "Threatens" Utah, SALT LAKE
TRIBUNE (December 28, 1977).
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A somewhat related issue is the preservation of minimum stream
flows for in-stream uses, fish and wildlife, recreation, and aesthetics.
In a suit against the Army Corps of Engineers and others, the state of
Nebraska, the National Wildlife Federation, and others seek to pre-
vent construction of a reservoir and depletions for a coal-fired elec-
tric plant on the Laramie River.' I Of particular concern to the plain-
tiffs is the effect of depletions on crane (especially whooping crane)
habitat downstream on the Platte River in western Nebraska. Section
7 of the Endangered Species Act of 1973 imposes on federal agencies
the duty to ensure that actions "do not jeopardize the continued
existence of endangered or threatened species." Two endemic fishes
of the Colorado River Basin, the Colorado squawfish and the hump-
back chub, are listed as endangered.3 6
It is useless to speculate about the outcome of potential legal
actions and the effect they may have on water resource development
in the Colorado Basin. Some argue that Congress never intended the
Water Pollution Control Act and the Endangered Species Act to
override legislation authorizing storage projects and to interfere with
state allocation of water.3 ' The point is that until some of the legal
issues are resolved and until new storage projects are built, energy
companies have an incentive to line up other sources of water. One
option is to purchase water rights from existing users.
Reallocation of Water
In 1975, about 8 million acre feet of fresh water were consumed
in irrigation in the Colorado River Basin-about 90 percent of the
total consumptive use in the region. 8 The opportunities for improv-
ing the technical and economic efficiency of water use in agriculture
35. A Rural Electrification Administration loan guarantee and a Corps of Engineers
dredge and fill permit to the Missouri Basin Power Project (MBPP) were enjoined, effectively
halting construction (Memorandum of Decision, CV 76-L-242 and CV 78-L-90, U.S. Dist.
Neb., October 2, 1978). Subsequently, in an out-of-court settlement, MBPP agreed to limit
water consumption to 23,500 acre-feet per year and establish a $7.5 million fund to protect
critical whooping crane habitat on the Platte River.
36. 42 Fed. Reg. 36,430 (1977).
37. P. Bloom, The Effects of Interstate Water Quality Constraints on Legal and Institu-
tional Water Allocation Mechanisms, PROCEEDINGS OF THE ROCKY MOUNTAIN
MINERAL LAW INSTITUTE, 143-173 (1976). (In fact, perhaps in response to the language
of the Supreme Court in the Tellico Dam decision (Tennessee Valley Authority v. Hill, 46
U.S.L.W., June 15, 1978), Congress amended the Endangered Species Act. While the new
exemption procedure is regarded by some as a significant weakening of the act, probably of
greater significance is the economic analysis required prior to new critical habitat designa-
tion.)
38. C. MURRAY & E. REEVES, ESTIMATED WATER USE IN THE UNITED STATES,
19, 35 (USGS circular 765, 1975).
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are well recognized. 3 Technical efficiency involves comparison of
the quantity of water actually consumed in plant growth with the
quantity diverted by a farmer. This ratio of water consumed to water
diverted can be increased by a variety of methods, ranging from more
effective timing of water applications to installation of costly drip
irrigation systems. The principal benefit would be a reduction in
return flows, which contribute an estimated 37 percent of the salt
load in the Upper Colorado Basin.4 0 Evaporation and seepage would
also be reduced.
Economic efficiency involves selecting how the water is to be
used. Water that is presently used for irrigation may simply be more
valuable to other users. It may be beneficial to farmers to forego
production of relatively low value crops such as hay and alfalfa on
irrigated lands and sell the water to an energy company faced with
the alternative of installing an air cooling system. Some support for
this notion is provided by the remarks of two Utah farmers directed
at the U.S. Interagency Task Force on Power Plant Siting.4 1
I would serve notice (to all on the committee) that the transfer of
50,000 ac ft of water from agriculture to a power plant would
furnish employment for us and our children and stabilize the decline
and lack of opportunity that is characteristic of rural agricultural
areas. We feel that our water and land [sic] was serving us and the
country as well by sending kilowatts of electricity to California in-
stead of baled hay that they do not seem to need or want. We feel
that any policy advanced by your committee that would effectively
lock us into an uneconomical agricultural situation would be tanta-
mount to slavery, especially in the light of the present and I think
proper desire of the federal agricultural policy of reducing by 20
percent the agricultural producing lands of this nation else we
farmers be economically smothered in the harvest of this country.
On a more quantitative note, Cummings and Gisser 4 2 use a linear
programming model to investigate the effects of reduced water allo-
cations to irrigated agriculture in the Estancia Closed Basin of New
39. See, e.g., U.S. FEDERAL ACCOUNTING OFFICE, BETTER FEDERAL COORDI-
NATION NEEDED TO PROMOTE MORE EFFICIENT FARM IRRIGATION (RED-76-
116, 1976); and Kruse & Heerman, Implications of Irrigation System Efficiencies, 32 J.
SOIL AND WATER CONSERVATION, 265-270 (1977).
40. U.S. BUREAU OF RECLAMATION, DEP'T OF INTERIOR, COLORADO RIVER
WATER QUALITY CONTROL IMPROVEMENT PROGRAM, 15 (1976).
41. Letter from A. S. Neilson and Phill C. Neilson to State Senator Ivan Matheson, Salt
Lake City, Utah, October 15, 1977.
42. R. Cummings and M. Gisser, Reduction of Water Allocations to Irrigated Agriculture
in the Estancia Basin with Implications for New Mexico, 31 (1977) (Working Paper No. 8,
Resource Economics, Univ. of N.M.).
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Mexico. At selected levels of reduction in water supply, farm income
is maximized by adjusting both water use/per acre and the number of
acres irrigated, and by changing crop and irrigation methods. Table 8
shows estimated losses in net income per unit of water withdrawn
from irrigated agriculture. These numbers might be considered as
minimum prices above which a farmer would consider selling water
to another user.
TABLE 8
Marginal Value of Water Diverted from Irrigation in the
Estancia Basin at Selected Levels of Water Reduction
Percent Reduction Average Value of Diverted Water
(Siaf) ($11,000 gals.)
15 0.53 0.002
20 4.76 0.015
25 9.38 0.029
30 13.35 0.041
35 17.06 0.052
40 22.20 0.068
Source: Cummings and Gisser, 1977.
While the value of irrigation water will vary from valley to valley
depending on such factors as climate, elevation, topography, and soil
quality, it is unlikely that its value to a farmer will approach the
value to an energy company faced with the prospect of installing an
expensive dry or wet/dry cooling system. The problem with realloca-
tion, of course, is that it is easier said than done.
The principal constraint on transfering water rights is that it must
be demonstrated that the rights of downstream users will not be
injured. This is a necessary restriction from the standpoint of encour-
aging development of water resources, but the test for determining
injury may be so severe as to ensure a rigid allocation of the resource.
The question of injury depends particularly on the relation be-
tween historic and prospective level of consumptive use. Typically, a
new industrial user, prohibited from discharging wastewater, must
purchase agricultural withdrawal rights at twice the amount of ex-
pected consumption since roughly half of agricultural diversions re-
turn to the stream. "Roughly" is a key word. Ellis (1965) states that:
In most appropriation doctrine states water rights are defined in
such incomplete terms (such a low degree of specificity) that a
would be buyer could not possibly know what he was bidding for.
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The first and most important thing the buyer wants to know is how
much water this right will entitle him to consume. 4 3
Also, a buyer may discover that the right has been forfeited by
previous disuse. It is expensive to resolve these issues in an adminis-
trative proceeding (as in New Mexico) and even more costly to do so
in a courtroom (as in Colorado). Ellis reported that there is "sur-
prisingly little transfer of water rights from agricultural to higher
economic uses.'' 4  White suggests that "changing existing water
rights for energy development is a difficult undertaking and must be
considered only as a last resort." 4 ' But this assertion is true only as
long as the available water supply is expanding with the construction
of new storage projects in the Upper Basin. In the era of NEPA, the
Endangered Species Act, and Water Quality Control Act, the legal
uncertainties of water resource development may be greater than the
uncertainties of water reallocation.
There are several reasons to be optimistic about reallocation as a
solution to the water supply problem. First, as suggested by Hartman
and Seastone, a set of water organizations has evolved, "to circum-
vent some of the rigidities imposed by legal constraint."4 6 Two
types of organizations, the mutual incorporated ditch company and
the water conservancy district, account for about two thirds of the
total irrigation water use in the 11 western states.4  In the case of
ditch companies, for example, the water rights are owned by the
company. Water is distributed to stockholders on the basis of share-
holdings. Shares are exchanged relatively freely within the area
served by a company since (a) the water rights are not tied to the
land, (b) the ditch companies typically have only one diversion point
(so interdependencies are minimal), and (c) storage projects usually
guarantee late summer requirements (making injury more difficult to
demonstrate).4 8
A second ground for optimism is the belief that, as it becomes
more expensive to increase supply, the laws will be modified to
improve the functioning of the private market for water rights.
Weatherford and Jacoby suggest that "[t]he law of the river is
43. W. Ellis, Water Transfer Problems: Law, WATER RESEARCH, 235 (1965).
44. Id. at 239.
45. M. White, Problems Under State Water Laws: Changes in Existing Water Rights, 8
NAT. RES. LAW., 359-376 (1975).
46. L. HARTMAN & D. SEASTONE, WATER TRANSFERS, 34 (1970).
47. A ditch company is a private, non profit corporation organized to supply water to
members. A conservancy district is a public agency organized to allocate, administer and pay
for water from federal projects.
48. See HARTMAN & SEASTONE, supra note 46, at 39-44.
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neither static nor seamless; rather it is a changing patchwork of pro-
visions born of a series of events and experiences. ... Vestigial legal
priorities and provisions can be sloughed off at a price, as new ones
are taken on." 4 Atkinson, discussing a judicial decision severely
restricting the right of municipal and industrial users to transport
water from a critical groundwater area, finds virtue in the decision in
that it forced the Arizona state legislature to "define the law appli-
cable to percolating waters and to define the relative values of com-
peting uses."' 0 In 1976 the legislature allowed such transfers contin-
gent on approval of the state land department.
The strongest reason for optimism is simply evidence that transfers
of the water rights from irrigators to electric utilities have taken
place in the Colorado Basin (Table 9). Water transfers may occur in a
variety of situations with varying effects on depletions, water qual-
ity, and agricultural output. The water supply for Unit 1 of San
Diego Gas and Electric's proposed Sundesert plant was contracted
from the Metropolitan Water District (MWD) of southern California.
Currently, however, MWD is not using its full entitlement, and, as
long as it does not, the water consumption for Unit 1 causes a net
depletion of stream flow.' 1 Water rights for Unit 2 were obtained by
purchasing agricultural land served by the Palo Verde Irrigation Dis-
trict with rights to 33,000 afy. About 22,000 afy would become
available by withdrawing some land from production and improving
irrigation efficiency. Since the water supply from the Sundesert plant
will be drawn from an irrigation return flow canal and plant waste-
water will be evaporated on land, the salt load in the Colorado River
will be reduced. In other instances transfer of water rights to the
energy industry will increase surface water depletions. The Washing-
ton County Conservancy District has water rights on the Virgin River
in Utah. Without storage, irrigators in the district are not ordinarily
able to use their full entitlement. Nevada Power, Los Angeles Depart-
ment of Water and Power and the City of St. George propose to
finance a diversion works and a 55,000 af storage project in exchange
for a guaranteed annual water supply from the conservancy district's
water rights. The irrigators gain a dependable supply throughout the
growing season.
Information is scanty about the cost of transferring water rights.
Prices should vary dramatically depending on the productivity in
49. WEATHERFORD & JACOBY, supra note 31, at 213.
50. Atkinson, Farmers Investment Co. v. Bettwy: A Judicial Restriction of Ground
Water Withdrawals Coercing the Arizona Legislature to Act, 17 NAT. RES. J., 335 (1977).
51. U.S. NUCLEAR REGULATORY COMMISSION, DES RELATED TO CONSTRUC-
TION OF SUNDESERT NUCLEAR PLANTS, 5-7 (1978).
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TABLE 9
Water Transfers to Electric Utilities in the Colorado Basin
To
Utah Power and Light Company
(for Huntington and Emery
Plants, Emery County, Utah)
San Diego Gas & Electric
(Sundesert Plant,
Blythe, California)
Nevada Power Company
(for Reid Cardner 1, 2
Moapa, Nevada)
Under Negotiation
Nevada Power Company
(for 500 MW Warner Valley
Plant, St. George, Utah)
From
Cottonwood Creek Consolidated
Irrigation Company
Ferron Creek Irrigation Co.
Emery County Water Conservation
District (under contract from
Bureau of Reclamation
Metropolitan Water District
Water rights obtained from purchase
of 7,700 acres ranchland in Palo
Verde Irrigation District
Purchase of a ranch and leasing
winter agricultural water
Washington County Conservancy
District
Sources: U.S. Nuclear Regulatory Commission, 1978; U.S. Bureau of Land Management,
1976; Gertsch, 1977; Telephone conversation with Harry Novak, Nevada Power
Company, March 15, 1978.
agricultural use, the availability of additional surface water, and com-
peting water demands. Khoshakhlagh reports average prices of water
rights of $171/af in the San Juan Basin in 1972, $876 in the Rio
Grande Valley (excluding Santa Fe) in 1976, and $1,562/af (also
1976) in the Gila and San Francisco River Valleys of southwestern
New Mexico where the copper industry has been an active buyer.' 2
There is no last word on the reallocation issue. It might be argued
that four of the seven transfers listed in Table 9 are in Utah, and that
Utah, with a prodevelopment, private market orientation is not rep-
resentative of water allocation in other states in the basin. In other
states, especially Colorado, water laws and attitudes of irrigators and
state officials may discourage the reallocation of water use. There is a
market for water in all states, but the transaction costs of exchange
and the availability of undeveloped surface water are much greater in
some places than others.
52. R. Khoshakhlagh, Forecasting the Value of Water Rights-A Case Study of New
Mexico, 105-108 (1977) (unpublished Ph.D. Dissertation in University of New Mexico
Library).
Quantity
5,000 afy
7,000 afy
6,000 afy
17,000 afy
33,000 afy
3,500 afy
10,000 afy
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Groundwater
With the exception of Arizona, the states in the Colorado Basin
apply the same legal principles to the use of groundwater as surface
water-prior appropriation, beneficial use, permit requirements prior
to digging a well, and protection of the rights of existing users.' '
Arizona law restricts groundwater use with the nebulous concept of
"reasonable use." As a consequence the state is renowned for its
pumping rates far in excess of "perennial yields," which are the
amounts of water that can be withdrawn on a sustained basis without
reducing the average amount in storage.
The groundwater resources of the Upper Colorado Basin are
immense-up to 115 million acre feet of water is stored in the upper
100 feet of saturated rock. 4 Perennial yields are about 4 million
afy. About 70 percent of this water is saline, but, unlike most other
users, energy producers can easily afford the cost of water treat-
ment." s Groundwater withdrawals in the Upper Basin in 1970 were
only about 120,000 acre feet, so this resource is largely untapped.
Two barriers stand before large-scale development of groundwater
in the Upper Basin. First, most of the water is stored in consolidated,
sedimentary rocks that yield water to wells relatively slowly, gener-
ally less than 50 gpm. Second, the impact of groundwater with-
drawals on groundwater levels and on surface flows will be examined
critically by local irrigators and state water authorities. Such critical
examination will occur especially when the groundwater is stored in
alluvial aquifers (sand and gravel), but it will also occur when water is
stored in shallow, bedrock aquifers. A large-scale project must
present convincing evidence that rights of existing surface and
groundwater users will not be infringed upon. Nevertheless, Price and
Arnow indicate about a dozen sites in the Upper Basin with suitable
yields for large-scale development. One of the sites, Caineville, is the
original site of the Intermountain Power Project (IPP) plant. IPP
planned to withdraw about 25,000 afy of groundwater from Navajo
sandstone to complement a surface water supply.
Groundwater development is more promising in the Lower Colo-
rado Basin. A siting study for the Palo Verde nuclear plant identified
53. Clark, Ground Water Law: Problem Areas, 8 NAT. RES. LAW., 377-399 (1975).
54. D. Price & T. Arnow, Summary Appraisal of the Nation's Ground Water Resources-
Upper Colorado Region, pt. C at 9 and 10 (USGS Professional Paper 813C, 1974).
55. Radian Corporation, An Investigation of the Potential for Utilization of Saline
Ground Water in Energy-Related Processes, 49, 150, 153 (U.S. ERDA FE-2444-1, 1977).
The report estimated water treatment cost for ground water from the Madison aquifer
(3,244 mg/liter TDS) of $0.55/1,000 gallons to achieve 3 cycles of concentration and
$0.65/1,000 gallons to achieve 10 cycles of concentration in the circulating cooling water.
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24 groundwater basins in Arizona each with at least 1.4 million
acre-feet of water in storage."6 Most of these are relatively high
yielding, unconsolidated aquifers, the kind lacking in the Upper
Basin. While the massive groundwater overdrafts of Arizona have
been noted, this development is concentrated in the area around
Phoenix. 5
One of the few suitable basins in northern Arizona, the Little
Colorado Valley, is the site of two proposed electric plants. Salt
River Project's Coronado plant (1,050 MW) will draw brackish water
(130-2,000 mg/liter TDS) from Kaibab limestone and Cocanino sand-
stone. Fifteen wells are each expected to yield 1,000 gpm.5 8 Tucson
Gas and Electric expects to pump lower quality water (900-2,600
mg/liter TDS) from aquifers 1,300-1,400 feet below the surface for
its Springerville plant." There is relatively little agricultural water
use in the Little Colorado region that would suffer injury from large
scale, industrial, groundwater withdrawals.
The policy of the Nevada state engineer's office is to limit ground-
water appropriation to the perennial yield of an aquifer. The state
division of water resources located six regions in southeastern
Nevada, including three in the Colorado Basin, with perennial yields
sufficient to support a 1,000 MW electric plant using evaporative
cooling. 60
Assuming groundwater is available for appropriation, the principal
cost of getting it to the plant is for pumping, which includes the
capital cost of the wells and the energy (lifting) cost. 6' A study of
an energy/desalinization/agricultural complex in the Tularosa Basin
of New Mexico provides a pumping cost estimate of $0.15/1,000
gallons ($1976). This estimate assumes annual production of 49,000
afy, well discharge at 1,000 gpm, and average well depth of 1,100
feet.6 2
56. NUS CORPORATION, ARIZONA NUCLEAR POWER PROJECT: UNITS 1 AND 2,
18-22 (1974).
57. U.S. GEOLOGICAL SURVEY, WATER RESOURCES INVESTIGATIONS IN ARI-
ZONA (USGS W77105, 1977).
58. U.S. BUREAU OF RECLAMATION, supra note 22, pt. 2 at 15-19.
59. Telephone conversation with Charles McCauley, Environmental Engineer, Tucson
Gas and Electric Co., March 15, 1978.
60. W. GERTSCH, AN ASSESSMENT OF WATER RESOURCES IN UTAH AND
NEVADA FOR A PROPOSED ELECTRIC-POWER GENERATING STATION, 7, 12-17
(Los Alamos Scientific Laboratory, UC-1 11977).
61. In Arizona, where ground water is appurtenant to the land, the cost of land acquisi-
tion must also be included.
62. NEW MEXICO WATER RESOURCES RESEARCH INSTITUTE, A PRELIMINARY
ECONOMIC FEASIBILITY STUDY FOR THE ESTABLISHMENT OF AN ENERGY-
RELATED COMPLEX IN THE TULAROSA BASIN, 32, 198, 199 (WRRI No. 068, 1976).
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Municipal Wastewater
Effluents from municipal wastewater treatment plants have been
used by several electric utilities including the Nevada Power Com-
pany.6 3 Nevada Power has contracted for 37,000 afy at $0.26/1,000
gallons ($85/afy) for its proposed Harry Allen plant. Arizona Public
Service Company plans to pump metropolitan Phoenix municipal
wastewater 38 miles to its Palo Verde nuclear station (3,810 MW) at
an acquisition cost of $0.06-0.09/1,000 gallons.64
Other
Two other examples are mentioned, not because of any great
potential for supplying water to other new plants, but because they
exemplify creative adaptation to resource scarcity. Units 1 and 2 at
Arizona Public Service Company's Cholla plant are cooled by a pond
that operates at about three cycles of concentration. The blowdown
from the cooling pond will provide makeup water for the cooling
tower for Unit 3.6 S Public Service Company of New Mexico and
other utilities are in the early stages of planning for a 2,000 MW
plant in New Mexico just east of the Navajo reservation. While no
firm commitment has been made, the utilities are considering the
purchase of groundwater pumped from nearby uranium mines which
otherwise would be evaporated.
WATER USE FOR ENERGY PRODUCTION
The basic concern of this paper is the impact of energy develop-
ment on the allocation or use of water in the Colorado River Basin.
Ideally, it would be desirable to project the sources, quantities, and
prices of water to be used by the energy industry. This information
could be used to consider the effects of industrial water demand on
stream flows, water quality, prices and quantity of water available to
other users, the price of electricity, and regional income and employ-
ment. This information may also be used to judge the need for new
regulation of water use.
One means of performing such an analysis is to develop supply and
demand functions for water use in the energy industry; to compare
these functions to estimate prices and quantities consumed; and to
investigate changes over time under varying energy production sce-
63. SERPER,supra note 11 at 314.
64. Telephone conversation with Tricia Condon, Arizona Public Service Co., August 2,
1978.
65. Plant water balance received from Walter Ekstrom, Manager, Fossil Generation, Ari-
zona Public Service Company, December 2, 1977.
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narios. Section II of this article presented estimates of water con-
sumption and water supply requirements for a 1,000 MW coal-fired
electric plant where an abundant, low cost water supply is available.
The influence of higher water costs was considered for cooling water
demand, which may account for up to 95 percent of total plant
water consumption. Section III presented a qualitative discussion of
alternative sources of water supply. Price information was offered at
current or historic market equilibria, but with the exception of water
use for irrigation in a New Mexico basin (Table 8), no quantitative
information was presented concerning future price/supply relations.
Sections II and III are useful but not sufficient for projecting the
impacts of water use for energy production. There is another way of
addressing this problem, however, and that is simply to examine the
pattern of water use at energy plants planned by industry. The water
system designs proposed by the energy industry for new electric
plants can be understood in light of the limited cost information
presented in Sections II and III.
Table 10 shows water system factors for steam electric plants
projected to come on line in the Colorado Basin over the next ten
years (shown in Figure 4).66 The only commercial scale synthetic
fuel projects under way are two modified in-situ shale oil projects in
Colorado which will use relatively small quantities of saline ground-
water. 6 7 The coal gasification projects in New Mexico and surface oil
shale retorting projects are awaiting higher prices or federal subsidies.
Thus, considering the lead time required to bring an electric plant on
line (at least six or seven years), Table 10 provides a reasonably
complete indication of new water uses for energy production in the
Colorado Basin over the next decade.
Almost all of the plants listed in Table 10 will employ conven-
tional water treatment technologies that reduce process wastewater
rates (indicated for example by a high number of cycles of concen-
tration in the circulating cooling water). Wastewater from the cooling
tower will be routinely recycled to the ash disposal and flue gas
desulfurization systems. A few plants will use sophisticated desalini-
zation technologies that virtually eliminate wastewater disposal. Only
one unit (San Juan 3), however, is expected to make use of the most
physically effective conservation technology, wet/dry cooling. On
66. U.S. DEPT. OF ENERGY, INVENTORY OF POWER PLANTS IN THE UNITED
STATES, 409-421 (DOE/RA-0001, 1977). San Diego Gas and Electric's Sundesert plant was
cancelled, but the site and water supply were retained by the utility. The proposed Inter-
mountain Power Project may relocate to a site in the Great Basin because of air quality
constraints.
67. CAMERON ENGINEERS, SHALE OIL STATUS REPORT, 12-14, 30-65 (1978).
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TABLE 10
Water System Factors for Steam-Electric Plants in the Colorado
River Basin Under Construction or Planned: 1978-1987*
Map Key
(See Fig. 1)
Principal Operator Name Plate Source of Makeup
Rating (Mw) Walter
Arizona Electric Power
Co-op
2 Arizona Public Service
3 Salt River Project
4 Arizona Public Service
5 Tucson Gas & Electric
6 San Diego Gas & Electric
7 Colorado-Ute Electric
Association
8 Nevada Power Company
Public Service Co. of
New Mexico
Public Service Co. of
New Mexico
2x204
2x263,2x375
2x395
3xl,333
350
6,823
2xi,020
4x380
2,040
4x500
2,000
2x534
500
1,568
Wells
Wells
Wells
Municipal Wastewater
Wells
Palo Verde Outfall
Drain (return flows
from irrigated
agriculture)
Yampa River
Municipal Wastewater
San Juan River
Wastewater from
Uranium Mines
Utah
Emery
Warner Valley
Intermountain Power
Project
Wyonming
Bridger 4
Total
11 Utah Power & Light
12 Nevada Power
13 Los Angeles Dept. of
Water and Power
14 Pacific Power & Light 508
18,939
Ferron & Cottonwood
Creeks (San Rafael
River)
Virgin River
i Wells and /s
Fremont River
Fontenelle Reservoir
(Green River)
*Unsited plants listed in U.S. Department of Energy, 1978, not included.
**Nuclear plants.
the other hand, only about 45 percent of the total capacity is ex-
pected to rely on surface water as a source of supply; the rest of the
units are to use groundwater (4,054 MW) or wastewater (6,499 MW).
Of the plants to use surface water (8,386 MW, mostly in the Upper
Basin), 4,060 MW are expected to obtain water from existing users
(see Table 9), leaving 4,326 MW to rely on direct, new surface water
depletions.
In part, the substantial industrial practice of surface water conser-
vation may be explained by increased scarcity and the resulting eco-
nomic, legal, and political constraints to surface water development
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Arizona
Apache 4,5
Cholla 2-5
Coronado
Palo Verde**
Springerville
California
Sundesert 1, 2**
Colorado
Craig
Nevada
Allen
New Mexico
San Juan 3, 4
New Mexico
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Table 10 (continued)
Type of Cooling Cyvcles of Concentration* Type of Flue Gas
in Cooling Tower Desulfurization
Arizona
Apache, 4,5 Wet Not available Wet
Cholla 2-5 Wet (Unit 3-4; Unit 4-14) Wet
Coronado Wet 4 Wet
Palo Verde Wet 11 Not applicable
Springerville Wet Not selected Not applicable
California
Sundesert Wet 16 Not applicable
Colorado
Craig Wet 13 Wet
Nevada
Allen Wet Not selected Not selected
New Mexico
San Juan Wet/Dry 10.5 Wet
New Mexico Wet Not selected Not selected
Utah
Emery Wet 15 Wet
Warner Valley Wet Not selected Not selected
Intermountain Power Project Wet Not available Not available
Wyoming
Bridger 4 Wet Not available Wet
nThe higher the cycles of concentration the lower the rate of wastewater discharge from the circulating cooling water.
Sources and References: U.S. Department of Energy, Office of Utility Project Operations, 1978. Inventory of Power
Plants in the United States, DOE/RA-0001, Washington, D.C., December, pp. 409-421.
Laseke, Bernard, 1978. EPA Utility FGD Survey: December 1977-January 1978, prepared for Office of Research
and Development, U.S. EPA, EPA-600/7-78-0SIa, Washington, D.C., March.
U.S. Nuclear Regulatory Commission, 1978. Draft Environmental Statement, Related to Construction of Sundesert
Nuclear Plants, Units 1 and 2, Washington, D.C., January, pp. 3-4- 3-7.
U.S. Bureau of Reclamation, 1977. Draft Environmental Statement, Coronado Project, U.S. Department of Interior,
Washington, D.C., January, pp. 1-40.
U.S. Bureau of Reclamation, 1977. Final Environmental Statement: Proposed Expansion of the San Juan Power-
plant, New Mexico. U.S. Department of Interior, Washington, D.C., August, p. 1-20, 8-163.
U.S. Bureau of Land Management, 1976. FES, Emergy Power Plant, U.S. DOT, Washington, D.C., August, p. 1-20,
8-163.
U.S. Rural Electrification Administration, 1974. Final Environmental Statement, Ympa Project, U.S. Department of
Agriculture, Washington, D.C., July.
Telephone conversation with Mr. Harry Novak, Resources and Development, Nevada Power Co., March 15, 1978.
Telephone conversation with John Delp, Project Engineer, Tucson Gas & Electric, March 15, 1978.
Letter from Robert Hoving, Director of Public Information Colorado-Ute Electric Association, Montrose, Colorado,
November 30, 1977.
in the Upper Colorado River Basin. Of greater importance, however,
is the fact that surface water is simply not available at otherwise
attractive potential plant sites.
The plant siting procedure entails a comparison of the estimated
cost of transmitting electricity from alternative sites to the load or
demand center. Table 11 shows generalized estimates of electric
power costs in the West. The base plant cost is about the same for
any potential site, but the costs of coal transportation, electric trans-
mission, and even the stringency of emission controls can vary signifi-
cantly. At an increase in water use cost, wastewater utilization or dry
cooling allows more flexibility in placement of generating stations,
NATURAL RESOURCES JOURNAL
FIGURE 4
Electric Generating Plants in the Colorado River Basin
Planned or Under Construction, 1978-1987
(See Table 8)
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and thus may promote savings with regard to energy transportation.
Such flexibility may also improve the chances of securing the neces-
sary permits by placing the plant at a greater distance from impacted
communities and existing sources of airborne emissions.6 8
TABLE 11
Estimated Electric Power Generation and Transmission
Costs in the Southwest ($1976)
Investment Cost Total Annualized
Investment Cost
and Operating Cost
Mills/Kwh (80 Percent
$/Kw CF.)
Coal (at 70 0/10' Btu) -- 7
Generation
Base Plant Cost 830 20
Operation and Maintenance 
-- 2
SO 2 Control 100-140 4-7
Transmission (500 Kv Line)
250 miles 2.6
500 miles 5.9
750 miles 8.2
1,000 miles 11.2
Incremental Cost of Air Cooling
40 Percent Wet 17 0.7
2 Percent Wet 39 1.5
Average price of coal delivered to electric plants in Arizona, Colorado, New Mexico, and
Utah, July, 1976. Includes purchase and transport costs.
Source: Harrington et al., 1977.
CONCLUSIONS
Two concerns were stated in that Introduction. One concern, that
water availability will constrain development of energy resources in
the Colorado Basin, is easy to dismiss. Technologies are available to
virtually eliminate water consumption for electric power genera-
tion.6 9 As shown in Table 11, even the most costly water conserva-
68. See generally P. HENDRICKSON, AN OVERVIEW OF ECONOMIC, LEGAL, AND
WATER AVAILABILITY FACTORS AFFECTING THE DEMAND FOR DRY AND WET/
DRY COOLING FOR THERMAL PLANTS (Battelle Pacific Northwest Laboratories
BNWL-2268, 1977).
69. Similarly, almost all but the process water requirements-1,300 to 2,200 afy/250
million cubic feet per day per plant-may be eliminated from the production of gas from
coal (Harrington et al., pt. 3, 37-41; see also R. PROBSTEIN & H. GOLD, WATER IN
SYNTHETIC FUELS (1978).
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tion option, dry cooling, which reduces water requirements to one or
two thousand afy/ 1,000 MW, adds less than 6 or 7 percent to the
costs of generation. The increment is much smaller when compared
to the retail price of electricity. Considering that in most cases far
less costly water supplies are available as alternatives to dry cooling,
water availability can be assumed to have an insignificant effect on
the price and the demand for electricity.
Much has been written that overrates or misrepresents the second
concern, the impact of energy development on the allocation of
water resources in the Colorado Basin. First, the water demands of
the energy industry tend to be taken out of context from the present
levels of consumption and the incremental demands of other users.
Table 12 summarizes the Bureau of Reclamation's projections of
depletions in the Upper Colorado Basin. Large coal-fired generating
plants account for only about 2 percent of total 1977 depletions in
the Upper Basin. Though the energy industry accounts for over 20
percent of the new depletions projected for the period 1977-2000, it
still constitutes less than 10 percent of total depletions projected for
the year 2000. Compare the 454,000 afy projected for energy plants
in the Upper Colorado Basin with the 254,700 afy Navajo Indian
Irrigation Project, with the 150,000 afy expansion of the Denver
municipal water supply and with the 423,000 afy for Bureau of
Reclamation storage projects in western Colorado, which are mostly
for land reclamation and supplemental irrigation (see Table 5B).
Tradeoffs are fundamental to water allocation. These tradeoffs are
not accounted for in many water-for-energy studies.
Second, with the benefit of hindsight, the energy production sce-
narios used by many analysts seem to be excessively high. One of the
seminal water-for-energy studies (U.S. Department of Interior,
1974), for example, projected 1.5 million barrels of shale oil produc-
tion per day requiring 259,000 afy by the year 2000. In the 1977
projections of the Bureau of Reclamation, year 2000 requirements
for shale oil production are only 102,000 afy. The Interior study
projected 139,000 afy for coal gasification in the Upper Basin by the
year 2000. At present, no commercial scale synthetic gas plants are
planned anywhere in the Colorado Basin. Most analysts, noting that
coalfields of the Southwest lie mostly in the Upper Basin and that
little surface water is available for development in the Lower Basin,
assumed that the electricity demands of the Sunbelt cities would be
satisfied by minemouth plants in the Upper Basin-overlooking the
possibility of exporting coal by rail or slurry pipeline. In fact, less
than one half of the new electric plant capacity listed in Table 10 is
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TABLE 12
Present and Projected Water Depletions in
the Upper Colorado Basin by Sector
(1,000 afy)
1977 2000
Energy Industry 67 454
Bureau of Reclamation Projects* 132 997
Direct Municipal* 8 245
Indian Lands* 21 309
Other Projects -- 8
Other Present Depletions' 2,944 2,944
Total Depletions 3,172 4,957
Evaporation Storage Units 546 546
*These categories for 1977 represent early stages of projects scheduled for expansion.
'Includes depletions for small electric plants.
Source: Bureau of Reclamation, 1977. "Draft, Availability of Water for Contract with El
Paso Natural Gas Company Pursuant to Section 11 of the Act of June 13, 1962,
Authorizing the Navajo and San Juan-Chama Projects, Washington, D.C., November
30.
located in the Upper Basin. Furthermore, steam coal will be shipped
from the coalfields of the Upper Basin to a number of generating
stations outside the basin including plants near Colorado Springs,
Fort Collins, Reno, Dallas, and Sacramento. In other words, the
future levels of electricity and synthetic fuels production in the Colo-
rado Basin, particularly in the Upper Basin, are likely to be much
lower than expected several years ago.
Third, water for energy studies have routinely ignored the eco-
nomics of water utilization. Recently completed electric plants in the
Southwest have been located near reservoirs or rivers, have taken
unappropriated (more accurately "undepleted") water as the source
of supply, and have employed evaporative cooling. Moreoever,
almost half of the surface water entitlement of the Upper Basin
region is still available for development. These circumstances have
engendered the common assumption that new plants projected for
the region would follow the same pattern of water utilization. In
some cases, analysts have offered a conservation scenario with sub-
stitution of dry or wet/dry cooling for evaporative cooling. This
paper has demonstrated that many electric plants in the Colorado
Basin are planned for sites without undepleted surface water sup-
plies; that even at sites where undepleted surface water is available,
legal and political constraints inhibit new surface water development;
and that ordinarily water transfers, wastewater utilization and
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groundwater development are far less costly than reducing consump-
tion with dry cooling. In sum, this paper has shown that surface
water conservation is and will continue to be widely practiced by
utilities producing electricity in the Colorado Basin.
These three circumstances, however, do not negate the impact of
energy development on the efficient use of water resources in the
Colorado Basin. It is not possible to precisely characterize the im-
pacts from the material presented in this paper. But let us skip ahead.
The purpose of a descriptive resource analysis is to suggest policies
that might promote a more efficient or equitable use of resources.
What potential policies might lessen the impact of energy production
on other water users in the Colorado Basin?
A drastic policy would restrict the quantity of water consumed at
an energy plant-forcing the installation of wet/dry or all dry cooling
and perhaps dry flue gas desulfurization. A more moderate approach
would prohibit the use of fresh water at an energy plant. This ap-
proach would force the use of saline groundwater, industrial water,
or other wastewaters. Either of these policies would force the substi-
tution of capital for water in the production of energy. Is this
rational, or might equivalent amounts of capital be expended in
other economic activities to more effectively conserve fresh water
and maintain stream flows?' 0
No compelling justification for controlling the water use of the
energy industry is provided in this paper. If such controls are to be
justified, it must come from a quantitative examination of the value
of water to all users, not just to the energy industry.
70. While this paper has taken as given the no-salt-return policy for new industrial users,
that policy is worthy of similar consideration.
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